Abstract-Insertion of a dc-dc converter between the automobile battery and electrical loads is proposed. This would allow gradual conversion to higher battery voltage, regulation of dc distribution voltage, and multiple distribution voltage levels. Switching loss arising from parasitic inductances is a serious problem in this application. The nonlinear resonant switch can remove this source of loss, achieving zero current switching without sacrificing conduction loss or MOSFET switch utilization. A low-voltage high-current nonlinear resonant switch converter operating at 700 kHz and producing 600 W is described.
I. INTRODUCTION

UTOMOTIVE electrical system power requirements for up-
A option GM vehicles have grown from 840 W in 1975 to
1330 W in 1989, By 1993, if growth continues at the historical rate and transient loads such as electrically heated windshields are not included, the load requirement could be 1540 W (Fig.  1 ). The impact of this is considerable: charging systems are larger and heavier, battery discharge at idle can be significant, the horsepower used to drive the generator causes a measurable decrease in gas mileage and requires better belts, and the application of new electrically driven accessories can be inhibited.
Until new means of generating electrical power on automobiles are developed, the automotive engineers must find ways to generate and use electrical power more efficiently. Furthermore, since these systems usually must operate in high ambient temperatures under the hood, heatsink size can be prohibitive unless efficiency is high. Today, most automobiles have Lundell-type alternators with diode bridge rectification. The alternator is sized to produce adequate load current and has electronic voltage regulation which provides proper voltage for 12-V battery charging. These systems have two areas of inefficiency: 1) the generator-the Lundell machine, due to brushes and slip rings, high leakage flux, and diode forward drop, has an efficiency of only 40-70% depending on speed and load (Fig. 2) , and 2 ) the loads-inefficiencies in the load side of the automotive electrical system occur primarily because the voltage is controlled to the battery rather than the load needs, with resulting wide voltage variations.
Delco-Remy Division of GM is developing a new electrical system in which the generator is a high efficiency ac machine and in which isolated outputs for the loads and battery are pro- Generator Load, Amps vided, as in Fig. 3 . The new system requires dc-ac power conversion for the ac generator and dc-dc conversion for the loads, a concept that enables significant improvements in load efficiency.
DC-DC Load Converter
A dc-dc load converter can provide the benefits of constant regulated voltage, higher automotive distribution voltage, and multiple load voltages. All of these benefits can considerably improve the automotive electrical system efficiency. A constant voltage yields two benefits: 1) loads can be designed to be smaller, lighter, lower cost, and more efficient when operated at a constant voltage rather than the 6 to 16 V supplied by the present system; 2) incandescent lamps and other loads operate more efficiently and have a longer life when operated at a fixed lower voltage of, for example, 13 V rather than the 13.6 to 15.5 V needed for operation of the present batteries.
A higher distribution system voltage of 24 V, 48 V, or higher can enable higher power electrical options. In addition, the weight of the wiring harness and electrical components can be reduced, and the efficiency of semiconductors and loads improved. However, it is not likely that any automobile company can afford the expense of redesigning and retooling all of the electrical components for a complete change in one year. Power converters can enable the vehicle to have a higher voltage for selected options and 12 V for the bulk of the electrical system, thereby allowing a gradual change. Also, multiple load voltages can be made available, thereby allowing better optimization of loads and possibly enabling new electrical accessories.
In 1984, commercially available converters had power densities of about 1 W/m3, were 70-80% efficient, and cost approximately $1 /W. Our goals, to make converters more feasible for automotive applications, were 30 W/in3, 90% or better efficiency, and $O.OS/W.
In this paper, the technology needed for construction of the dc-dc load converter is discussed. The low voltage, high current, high temperature environment of the automobile is unlike other power electronics applications, and new components and new circuit design techniques are needed. In addition to packaging and thermal management, a major problem is the switching loss caused by leakage, package, and other parasitic inductances. This suggests use of a zero-current-switching resonant converter. The need for a converter in which zero current switching is obtained while maintaining good switch utilization, low conduction loss, good efficiency versus load current characteristics, and low capacitor currents, has led to the development of the nonlinear resonant switch [ l ], [2] .
The nonlinear resonant switch is reviewed in Section 111, and its switch stresses in the load converter application are compared with other topologies in Section IV. Operation of a full bridge nonlinear resonant switch, a transformer flux balance mechanism, the maximum attainable switching frequency as a function of parasitic inductance, and preliminary experimental results are also described in Section IV. The paper is summarized in Section V.
A SAMPLE LOAD CONVERTER DESIGN
Consider construction of a dc-dc load converter to meet the following estimated 1993 specifications: The switching loss due to stray inductances is 3.3 W per nH of inductance. At 50 nH of total stray inductance, this mechanism can lead to as much loss as all other sources combined. Contributors to this inductance include the equivalent series inductance of the input voltage bypass capacitor, the MOSFET package inductance, the transformer leakage inductance, the diode package inductance, and the inductance of the interconnecting wiring. Switching loss arising from stray inductances is apparently a serious problem.
This suggests use of a resonant converter scheme in which the switching loss due to stray inductance is eliminated. Let us next consider how to construct such a converter which is well suited for automotive applications.
Zero Current Switching
Previous authors [3] , [4] have suggested that zero voltage switching is preferable to zero current switching because of the switching loss associated with semiconductor device capacitances. Energy stored in the transistor output capacitance is lost during the turn-on transition of the PWM and zero current switches, and this can be a significant source of loss in converters operating at higher input voltages [3] .
However, as shown above, the switching loss associated with this mechanism is insignificant in low-voltage high-current automotive converters. It is the loss associated with leakage, package, and interconnection inductances that degrades the efficiency of a high frequency PWM converter in this application. The energy stored in these inductances is lost during the transistor turn-off transition of the PWM and zero-voltage switches. Transistor and interconnection inductances alone of 10-nH per device would account for 66 W of switching loss in the example above. Hence, it is desired that the semiconductor devices switch off at zero current in low-voltage high-current applications.
REVIEW OF THE NONLINEAR ZERO CURRENT
RESONANT SWITCH The linear zero current resonant switch [5], [6] is now well known. It has the advantages that: 1) its transistor switches on and off at zero current, and 2 ) it can be adapted to a wide variety of converter topologies and applications. However, as with other resonant schemes, it possesses the following well-known disadvantages:
I ) Increased Conduction Losses: Increased peak switch current and/or blocking voltage leads to substantially increased conduction losses. Hence, although switching losses are significantly reduced, the efficiency of existing linear resonant switch converters can never be as high as that of an equivalent PWM converter operated at low frequency. The objective of increasing switching frequency without degrading efficiency is not attained. This problem is magnified when the converter must operate with wide variations in input voltage and current.
2) Variation of E@ciency with Load Current:
In a voltage regulator application, switch peak and rms current should be directly proportional to load current. This property is common in PWM converters, but often does not occur in resonant converters. In the full wave linear zero current resonant switch, the no-load peak transistor current is greater than the full-load peak transistor current of an equivalent PWM converter. Furthermore, at light load, significant energy is recirculated to the source rather than being delivered to the load. Hence, efficiency is poor at light load.
The nonlinear resonant switch [ 11, [2] was developed to overcome these problems, and thereby obtain a converter which has the desired properties of zero current switching, good switch utilization, low conduction loss, good efficiency versus load characteristics, and low tank capacitor rms currents. The tank inductance of the linear zero current switch is caused to vary with tank current, such that the transistor current waveform is controllable. With this scheme, it is possible to reduce the transistor peak currents to values approaching those of an equivalent PWM switch, while still maintaining low transistor blocking voltage and zero current switching. Good switch utilization, low conduction loss, and low switching loss are obtained simultaneously.
The effect of a variable inductance on the tank current waveform is shown in Figs. 5 and 6 . If the incremental tank inductance L ( i L ) is approximately piecewise constant, and is equal to L , for tank currents less than the load current I,,,,, and to L 2 for tank currents greater than the load current, then it can be shown that the peak transistor current exceeds the load current by where
With a linear tank inductor, L, = L,, and the tank rings sinusoidally with Iex,,,, = Vin/Ro. Waveform (b) depicts a saturating tank inductor in which L , < L , ; the peak current is then increased. Waveform (c) occurs for L , > L , , where the peak current is reduced. If L 2 is sufficiently large, then the peak current approaches the load current, or that of an equivalent PWM switch. Realization of waveform (c) requires construction of a device whose inductance increases with increasing current. Such a device can be constructed by biasing a saturating inductor via an auxillary winding, as shown in Fig. I . When the primary winding current (i.e., the tank current) is small, then the core is saturated by the auxillary winding current, and the incremental inductance is low. For larger values of primary winding current, where the primary and auxillary winding magnetomotive forces approximately cancel, the net core bias is close to zero. The core is then not saturated, and the incremental inductance is large.
We have constructed ferrite tank inductors whose incremental inductance changes by two to three orders of magnitude. The excess current can therefore be made quite small, and the peak transistor current will slightly exceed the auxillary winding bias current.
To cause the peak current to track the load current, and thereby obtain low conduction loss at light load, it is desirable to derive the auxillary winding bias current from the load current. This can be done by placing the auxillary winding in series with the converter filter inductor, as in Fig. 7 . To overcome the core coercive force, an additional small constant bias current Is is required in a third auxillary bias winding. An additional feature of the nonlinear resonant switch is its reduced tank capacitor current. Note that, during the ringing interval, the tank capacitor current i , is equal to the difference between the transistor current i , and the output current Z,,,. In other words, the excess current Zexcess is identical to the peak tank capacitor current. Hence, low transistor peak current coincides with greatly reduced tank capacitor current.
Thus, use of a biased saturating inductor in a zero current resonant switch allows better control of the tank current waveforms. In consequence, low peak current, good switch utilization, good efficiency versus load current characteristics, and reduced tank capacitor currents can be obtained.
IV. NRS DC-DC LOAD CONVERTER
The peak transistor currents, peak transistor blocking voltages, switching losses, and tank capacitor currents for the 1.5-kV dc-dc load converter based on a full-bridge topology are compared in Table I . Conventional PWM, nonlinear zero current resonant switch (NRS), linear zero voltage multiresonant switch (MRS) [4] , zero voltage resonant switch (ZVS) [7] , linear zero current switch (ZCS) [ 5 ] , and zero-current-switching series resonant (SRC) converter topologies are compared. It can be seen that the nonlinear zero current resonant switch exhibits the best switch utilization, and therefore the lowest conduction loss, of all resonant switch topologies. Its tank and output capacitor currents are much lower than those of the series resonant converter, and it exhibits much lower switching loss than the conventional PWM switch at frequencies above 100 kHz.
A full bridge converter, implemented with full wave nonlinear resonant switches, is shown in Fig. 8 . The tank inductor is placed in series with the isolation transformer. The voltage and current waveforms in this branch are purely ac, with no dc component; hence, it is desired to control the tank current magnitude for both positive and negative polarities. This can be done by use of a nonlinear tank inductor with symmetrical characteristics: L( -iL) = L ( i L ) . This characteristic is obtained in Fig.  8 by use of two series nonlinear inductors La and Lb which are biased by the same dc current magnitudes, but whose polarities are opposite. Typical tank inductor and capacitor waveforms are shown in Fig. 9 . As in the case of the linear zero current resonant switch, there is a mechanism which inherently maintains transformer flux balance in this converter. Consider an imbalance in, for example, the transistor forward voltage drops, such that the voltage applied to the tank circuit and transformer is greater when Q, and Q, conduct than when Q 2 and Q, conduct. This will induce a dc component in the transformer magnetizing current. During the D , -D3 -D, conduction interval, after Q , and Q, have been switched off, this dc magnetizing current causes the tank capacitors to discharge more quickly, thereby shortening the interval and reducing the applied volt-seconds. Also, during the D2 -D, -D, conduction interval, the magnetizing current causes the tank capacitors to discharge more slowly, thereby increasing the interval and applying more volt-seconds to the transformer in the opposite polarity. Therefore, zero net dc voltage is maintained across the transformer windings, and small imbalances in component do not lead to transformer saturation. Unlike the PWM full bridge converter, a large series primary blocking capacitor is not needed for prevention of transformer saturation.
Current shoot-through at the transistor switching time, a problem in the full bridge PWM converter, it not a problem in the NRS bridge topology because of the zero current switching property. As seen in Fig. 9 , all input devices, Q , -Q4 and D , -D4, are off at the beginning of the switching period.
Hence, no current commutation process need occur at the transistor turn-on transition, and current shoot-through cannot occur. In particular, there is no danger of MOSFET body diode failure arising from excessive peak reverse recovery current.
Switching Frequency Versus Stray Inductance
Although the zero-current nonlinear resonant switch is tolerant of parasitic inductances, these inductances must still be considered. If the parasitic inductance is too large, then the converter switching frequency may be reduced, full output power may not be obtained, and/or the zero current switching property may be lost.
The total parasitic inductance must not exceed the desired saturated tank inductance. Let us calculate the relationship between tank inductance and switching frequency. For a buck converter in the full wave mode with a 1 : 1 : 1 bias winding turns ratio, the output voltage is given approximately by [ 11, 181: where fo = 1 / 2~c C , R, = G C , andf, is the switching frequency. This expression is exact for L , -+ m , and is a good approximation whenever
(4)
The output voltage is nearly independent of load current, and is controllable by variation of the switching frequency f, or the core bias current I,.
Zero current switching occurs when the output current I,,,, is less than Vin/Ro, and hence Ro must be chosen sufficiently small such that the full load output current I,,,, max is obtained at minimum battery voltage V,,,min with zero current switching. Hence, one should choose IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 6. NO. I. JANUARY 1991
where Jmax is the design margin, a number less than unity. The saturated tank natural frequency fo can then be written Substitution of (5) and ( Note thatf, is inversely proportion to L , , the saturated effective tank inductance. To obtain full output current at a high switching frequency, L, must be sufficiently small. Hence, although the resonant switch is tolerant of parasitic inductances (in that they do not lead to switching loss), an upper limit on L, is imposed nevertheless.
Equation (7) is plotted in Fig. 10 
then (7) becomes
This expression is plotted in Fig. 11 for the same specifications, (8), and with K = 0 . 2 5 . It can be seen that the minimum switching frequency at L , = 20 nH is now 260 kHz, while the maximum switching frequency is unchanged. In fact, is it possible to operate the converter at constant switching frequency through variations of I,; however, this requires an additional increase in peak transistor current.
Experimental Work
The high current connections between components must have minimum inductance. As shown in Fig. 12 , we have used flat copper strips to connect the components [8] . Directly underneath is the return current conductor, also constructed from flat copper. The magnetic fields from the two conductors essentially cancel. This not only reduces the parasitic inductance, but also reduces electromagnetic interference. We have been able to reduce the connection inductances to less than one nanohenry per interconnection using this construction. A reduced power full bridge converter prototype, as in Fig.  8 was constructed using 12-mO MOSFET'S. This converter produced up to 600-W output power at 13 V. With a 24-V input, the switching frequency was 692 kHz. As shown in Fig. 13 , efficiencies between 87% and 89% were obtained. We are now attempting to construct a 1.5-kW version which operates at 90% efficiency, uses MOSFET devices with lower on resistance, and whose power devices are redesigned for lower parasitic inductance.
V . SUMMARY
An improved automotive electrical system is proposed in which the generator is a high efficiency ac machine and is connected to the battery via an ac-dc converter. The electrical loads are isolated from the battery via a dc-dc converter. This system should allow better optimization and attainment of higher efficiency in both the generator and the electrical loads, should lead to reduction of the size and weight of the wiring harness and loads, and should facilitate the change to higher distribution voltages. These properties are essential for dealing with the continuing growth in electrical power requirements.
Development of new technology for this low-voltage highcurrent high-temperature application is needed. Construction of ac-dc load converter which takes full advantage of the ongoing advances in power MOSFET devices and magnetic materials is challenging. A promising scheme discussed here is the nonlinear resonant switch, in which a biased saturating inductor is used to obtain zero current switching, good MOSFET utilization, low conduction loss, and low tank capacitor current. The zero current switching property is preferable to PWM or zero voltage switching in this application because of the significant switching loss otherwise caused by MOSFET package inductance. Other advantages of the nonlinear resonant switch in a full bridge topology are the elimination of current shoot-through problems and the self-stabilization of transformer core flux.
Although zero-current-switching converters are tolerant of parasitic inductances, these inductances must nonetheless be limited in magnitude to an amount which allows the tank natural frequency to be sufficiently high and the characteristic impedance to be sufficiently low. For the nonlinear resonant switch in a 1.5-kW load converter application, the upper limit is approximately 20 nH. Hence, device interconnections must have low inductance, and MOSFET package inductances cannot be ignored.
Experimental proof-of-concept at the 600-W level has been demonstrated, with a switching frequency of approximately 700 kHz .
